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ABSTRACT

Inconel 718 (IN718) is a superalloy with excellent corrosion resistance and high
temperature stability, giving rise to its popular use in the aerospace industry as well as other high
performing applications. This study utilizes the relatively low conductivity of IN718 to focus in
on the heat transfer procedures in which occur during the laser powder bed fusion (LPBF)
manufacturing process of metals. Cylindrical samples of constant geometry with varying
dimensions of thermal supports were fabricated using a compatible IN718 build plate. As thermal
support size increased, heat dissipation to the build plate consequently increased. Theoretically,
this modification of heat transfer should lead to interesting microstructural changes during
solidification. Gas atomized IN718 powders with a D90 value of 46.76 µm were selected for
production. Samples were subsequently metallographically characterized to establish any
modifications in microstructural development. Density upwards of 99.76% was achieved in all
samples with no obvious trend relating to support parameters. Surface roughness of vertically
sectioned samples was carried out, with roughness found to vary among samples, generally
increasing as size of thermal supports decreased. An associated angular variation was observed at
the bottom surface for samples designed to have smaller thermal supports and thus more
overhanging area. While melt pool measurements did not convey any variation among samples,
FE-SEM exhibited interesting findings in both the XY and XZ planes regarding size of sub-grain
cells. While heat conduction to the build plate undoubtedly plays a crucial role in SLM, it remains
unclear whether a relationship with cell size exists.
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CHAPTER 1: INTRODUCTION

Laser Powder Bed Fusion (LPBF), otherwise known as Selective Laser Melting (SLM), is
a metal additive manufacturing (AM) technique which effectively creates near-net shape
components of intricate designs in a layer-by-layer process. The rapid nature of heating and
cooling cycles during LPBF imposes metallic parts with very fine grains and high residual stresses,
the latter of which can be relieved via post-processing heat treatment. Aside from the high cost of
production and the size constraint of the build plate, LPBF is capable of quickly rendering samples
with a controlled fine microstructure leading to excellent mechanical properties, thus showing
promise for the future of metal manufacturing.
In comparison to traditional manufacturing methods, such as casting and subtractive
manufacturing, AM can reduce both time of production and material needed. Powder bed fusion
(PBF) allows for reuse of unoxidized powder leftover after production, so essentially no waste is
accrued. The capability for complex structures eliminates the need for assemblies, and when
combined with the rapid nature of laser rastering, contribute to a faster speed of manufacturing.
While AM, and more specifically, SLM shows promise for the future of metal production, not all
metallic materials are currently able to be produced through SLM. Originally, SLM was limited to
cast iron, nickel, and titanium, but has since expanded to include aluminum, cobalt, copper,
tungsten, and their respective alloys [1]. Research is continuously happening to optimize printing
parameters of alloys to enhance their compatibility with SLM.
Many SLM research studies focus on optimizing printing parameters to find the range
which results in fine microstructure with limited flaws or pores, which are known to negatively
1

impact mechanical properties. The four parameters commonly adjusted in these parametric studies
are known as laser power, scan speed, hatch spacing, and layer thickness. Hatch spacing is the
distance between consecutive laser scans, and layer thickness refers to the height of each respective
layer of material. These four main parameters are all related to a concept called energy density,
which describes the energy input in terms of volume of material [2]. Volumetric energy density
can help relate observable defects in the microstructure such as pores and cracking to an excess or
inadequate supply of energy. The equation for energy density is shown below.
Laser Power

Energy Density (ED) = Laser Scan Speed × Hatch Spacing × Slice Thickness

(1)

Regarding properties which could potentially impact the microstructural development, heat
transfer is another important one to consider. During SLM, the laser repeatedly scans over the
powder bed, inputting substantial heat in order to melt and subsequently fuse the powder together.
This leads to the formation of melt pools in a pattern related to the scan rotation angle, observed
in the as-built parts [3]. As the material is rapidly heated and cooled in this cyclic nature, on the
order of 105 − 107 K/s [4], the heat is extracted down into the build plate. The conduction rate
can be estimated for each material based on Fourier’s heat conduction equation, shown below in
equation (2), where k is the conductivity, A is the cross-sectional area, dT is the change in
temperature, and dx is the height [5].
dT

QConduction = −k × A × dx

(2)

Knowing that different energy inputs impact the microstructural development in the form
of introducing pores, flaws, and cracking, it stands to reason that adjusting the heat conduction
rate by altering the cross-sectional area of the supports may also influence the microstructure in
terms of density, surface roughness, and/or sub-grain cellular size.
2

This work focuses specifically on SLM of Inconel 718 (IN718). The objective of this work
was to observe whether altering the heat conduction of IN718 during SLM would influence the
overall microstructural development. The sample supports were incrementally modified in crosssectional area to introduce a wide range of heat conduction rates. Resultant density, surface
roughness, melt pool size, and cellular size of each sample with varying support diameters were
documented and compared to gain a better understanding of the role heat transfer plays in SLM.
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CHAPTER 2: LITERATURE REVIEW

2.1 Selective Laser Melting Process
Selective laser melting begins with a CAD file which is transferred into the SLM “Magics”
software. This software allows for input of printing parameters, structural and thermal supports,
and orienting the file onto the build plate. Magics then converts the CAD file into thin (e.g., tens
of micrometers) slices with layer-by-layer instructions embedded into a file readable by the SLM
printer.
The print is carried out in an enclosed chamber that is mostly vacuated and replaced with
either Argon or Nitrogen gas, dependent on the material. The purpose of controlling the gaseous
environment is to prevent oxidation of the metallic powders which can have detrimental effects on
the final part, as well as removing weld fumes and weld spatter with the flow of inert gas
throughout the chamber [2]. Initially, a thin layer of powder is spread over the top of the heated
build plate with a levelling recoater blade, and the laser begins outlining the first layer of the
support structures, if any. As the print continues, the build plate is lowered vertically into the
chamber by a distance correlated to the layer thickness specified in the file. Once complete, the
parts are surrounded by unused powder which can be swept into the chamber for collection.
Unused powder can be reused in future prints as long as it is not oxidized. Parts must be removed
from the base plate, which can be done through mechanical chiseling or electrical discharge
machining (EDM) wire cutting.
Different materials require different build parameters such as laser scan speed, laser power,
hatch spacing and layer thickness. This is because different materials have different melting points,
conductivity, flowability, and reactivity that make them unique. Optimum print parameters have
4

been discovered for a range of materials through parametric studies, where these parameters are
systematically varied, and the resulting microstructure is inspected to locate a range of settings in
which little to no defects are present. Like build parameters, build plates can also be interchanged
to be compatible with the material that is being printed. A mismatch of conductivity in build plate
material and powder material can result in the print job failing due to lack of adhesion or
overheating.
When adjusting print parameters to create a low or high energy density part, changes in the
microstructure become inherent. If the laser scan speed is too fast at constant power or the laser
power is too low at constant scan speed, not enough energy is being input into the powder bed,
which often results in insufficient melting and lack of fusion flaws. These flaws are observed as
irregularly shaped voids which act as stress concentrators leading to crack initiation and
propagation. On the other hand, a slow scan speed or high laser powder correlate to a high energy
density part, which contains large spherical trapped gas pores which originate from vaporization
of material. While both classes of defects contribute to a reduction in density, lack of fusion flaws
have a tendency to cluster together and concentrate stress, leading to an even further reduction in
mechanical properties than other types of pores [2].

2.2 Microstructure and Phases of Inconel 718
IN718 is a high strength and thermally resistant Ni-Cr based superalloy that was first
patented in 1962 and trademarked by Special Metals Corporation [6]. Excellent resistance to
oxidation, creep, and fatigue operating at high temperatures up to ~700°C [7] make IN718 an ideal
material for extreme environment applications, notably in aerospace, automotive, and energy. The
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relatively low thermal conductivity of IN718 accounts for its difficulty to machine [8], making
AM a desirable production method.
High strength of this alloy can be attributed to age-hardening precipitation of the
strengthening metastable γ′(Ni3 (Al, Ti)) and γ′′(Ni3 Nb) phases within the face-centered cubic
(FCC) austenite (γ) matrix [7]. The γ′ phase has a cubic L12 structure and a spheroidal or cuboidal
form. The γ′′ phase is the primary contributor to strengthening the matrix, with a tetragonal D022
structure and homogenously nucleated coherent, disc-shaped precipitates which grow
preferentially in the {100} direction. The δ(Ni3 Nb) phase, which has an orthorhombic (D0a )
structure, precipitates incoherently with the γ matrix and has a detrimental impact on the
mechanical integrity of IN718, along with scattered carbides and nitrides located within the matrix
and along grain boundaries [7,9].

2.3 Microstructure of As-Built IN718
SLM involves rapid cycles of heating and cooling with every laser scan of the powder bed
in turn fusing the particles together. This rapid thermal cycling in a layer-by-layer mechanism
results in a unique microstructure with a complex thermal history as compared to traditional
methods like casting. The rapid cooling rate during the SLM process, on the order of 105 − 107
K/s, results in a rejection of solutes, triggering constitutional supercooling to take place.
Constitutional supercooling is a non-equilibrium process, therefore causing instability of the
solid/liquid interface. This non-equilibrium solidification that occurs leads to the dendritic or
cellular morphology that has commonly been observed [10,11], with strengthening elements
segregating along the interdendritic regions [7].
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In each melt pool, molten metal solidifies in a similar manner to that of which occurs in a
casting mold, but at a much smaller scale. Therefore, solidified microstructure within one SLM
melt pool closely resembles that of a casting mold. During casting, the solidification begins with
fine equiaxed grains nucleating on the cool mold wall, commonly referred to as the chill zone.
Based on heat extraction, columnar grains grow inwards, orienting themselves in the preferential
growth direction—perpendicular to the mold walls. This segment is known as the columnar zone.
A third section sometimes forms, depending on cooling conditions, in the central portion of the
melt. This segment contains equiaxed grains of a slightly larger scale when compared to the
equiaxed grains present in the chill zone [10]. These phenomena can be similarly observed in SLM
manufacturing, but in the form of sub-grain cells. Within a singular melt pool, equiaxed grains
nucleate on the melt pool boundary and columnar grains grow inwards toward the center. A
schematic depicting a side-by-side comparison can be viewed below in Figure 1.

Figure 1: Grain nucleation in (a) casting, and (b) SLM [10,11]

While this solidification mechanism is seemingly universally observed in the range of
alloys currently being manufactured with SLM [2,11,12], the main distinction in terms of
microstructure between alloys of different elemental constituents lies with the phases present, as
7

well as the thermal behavior during manufacturing. Thermal behavior can be related back to that
alloy’s conductivity, melting point, and overall material properties, and is an important
determining factor for selecting print parameters. From this point on, the subject of this thesis will
be IN718.
IN718 is known for its strengthening γ′ and γ′′ phases, which configure themselves in a
eutectic structure coherent with the γ matrix [7]. γ′ and γ′′ form columnar dendrites that are
typically separate from each other with carbides and other strengthening elements gathering at the
grain boundaries [13]. After manufacturing with SLM and etching with a mixed acid reagent,
columnar grains can be viewed parallel to the build direction [2,9,13]. These long columnar grains
cause anisotropy within the microstructure that strongly influences tensile properties. Anisotropy
post-print is associated with high residual stress and crystallographic texture, both of which can be
relieved, if desired, with solution heat treatment (SHT), annealing, and ageing while following the
appropriate time-temperature-transformation (TTT) diagram [13].
In a simulation study by Wang et al. [14], a combination of the finite element method
(FEM) and the phase field (PF) method were utilized to model competitive grain growth and
dendritic evolution. The goal was to gain a holistic understanding of microstructural evolution
during SLM and the mechanisms in which stray grains grow. Simulation results were compared
with experimental results and found to be in good agreement. Primary dendritic arm spacing
decreased from 0.67 um to 0.36 um with an increase in scan speed from 1 m/s to 2.4 m/s, and the
microsegregation ratio decreased from 2.6 to 1.7. Stray grains were found to have 3 main growth
mechanisms, which were labeled promotive, suppressive, and neutral. While laser power, scan
speed, and thermal gradient direction were extremely important in determining the microstructure,
successful suppression of stray grains was achieved by increasing the melt pool aspect ratio
8

(MPAR), which is classified as the ratio of length to depth. This study showed the importance of
SLM parameters in microstructure control and revealed the potential for creation of a tailored
microstructure.

2.4 Heat Transfer during SLM
Heat dissipation during SLM is complex due to a combination of a porous powder layer
which becomes molten metal on top of a solid metal substrate. In essence, the heat inputted from
the laser heat source travels through the liquid melt pool and causes what is known as Marangoni
flow, or mass transfer driven by surface tension between two fluids [14-16]. The heat flux
continues traveling downward through the solidified portion of the part and into the heated build
plate. Powders close in proximity to the scanned portion may experience solid state sintering
leading to satellite formation [17], however the powder bed has very poor conductivity because of
its porous nature, and limited heat flow may occur there.
In a FEM study performed by Zhang et al. [16], a simulation of the SLM process was
conducted to study the thermofluid properties of IN718 during LPBF. The simulation considered
the porous powder bed to transport heat flux through convection mode, whereas the mode of heat
transfer in the solid metal substrate would be conduction. The finite element model took into
account Marangoni convection and laser reflectivity while simulating heat flux, with the main
purpose of the study being to quantify a relationship in respect to heat flow and melt pool size.
The outcome of the experiment was the establishment of convection as the dominant mode of heat
transfer within the molten melt pool. Convection was found to increase the melt pool width, while
conduction increases both the melt pool depth and width. Heat accumulation that occurs when
rescanning and remelting the surface layer in both a moving heat source and a fixed heat source
9

was found to additionally increase the melt pool size. Grain and cellular microstructures were not
modeled in this simulation.
In 2018, Nadammal et al. [18], fabricated 1 mm tall and 10 mm wide samples of IN718 via
SLM with two distinct support styles—a solid support structure and a lattice support structure—
with the same scan strategy. Resultant microstructure was characterized with optical microscopy
and electron back-scattered diffraction (EBSD), and larger grains were measured in the sample
printed with a lattice structure support. The reduction in grain size of the solid support sample was
attributed to the faster cooling rate and more efficient heat transfer of the support. Residual stress
was also found to be dependent on the support configuration, with a lower residual stress in the
lattice support sample. Crystallographic texture within the core of the sample, however, was
observed to be virtually unaffected by the support. Additionally, finer grains were observed at the
boundary between the sample and support, similar to the chill zone formed in traditional casting.
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CHAPTER 3: EXPERIMENTAL METHODOLOGY

3.1 Powder Characterization
Metallic IN718 powder gas atomized by H. C. Starck GmbH in Germany were used for
SLM fabrication. Size of the loose powder was characterized with a LS 13 320 laser diffraction
particle size analyzer manufactured by Beckman Coulter. The powder morphology was viewed
with a field emission scanning electron microscope (FE-SEM, Zeiss Ultra-55™). Additional loose
powder was mounted in epoxy and mechanically polished down to 0.5 µm diamond paste using
standard metallographic procedures with a Metaprep 3™ automatic polishing system. A mixed
acid reagent was then utilized for etching of the powder cross section. The etchant consisted of
hydrochloric acid (HCl), acetic acid (CH3 COOH), and nitric acid (HNO3 ) using a volumetric ratio
of 3: 2: 1. The microstructure of the etched powder cross sections was analyzed with FE-SEM.
The crystallographic phase constituents of loose IN718 powder were then classified with
X-ray diffraction (PANalytical Empyrian Basic diffraction system) using 1.8 kW Cu X-ray tube
at a voltage of 45 keV and a current of 40 mA. The radiation source was Cu-kα with a wavelength
of 1.54 Å. With a Bragg-Brentano diffractometer geometry, the XRD pattern was collected in the
2θ range of 30 − 120° and a step size of 0.033°. The dwell time at the highest intensity peak
resulted in a minimum of 10,000 counts.

3.2 SLM Sample Fabrication
In an effort to establish whether the heat conduction rate from the sample to the build plate
influences the final microstructure of IN718 after AM, a SLM125HL LPBF system from SLM ®
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Solutions Group AG was utilized to fabricate 18 cylinders of 10 mm height and 6 mm diameter.
The cylinders were printed in 3 batches of 6, wherein each batch had a distinct support rod of 3
mm height varying in diameter from 1 mm to 6 mm. All samples were printed under an inert argon
atmosphere with oxygen content measuring at or below 0.1%, using the optimized print parameters
of 200 W laser power, 900 mm/s scan speed, 30 µm slice thickness, and 120 µm hatch spacing,
based on a previous parametric study by Huynh et al. [19]. The aforementioned SLM system,
shown below, is equipped with a 400 W Ytterbium IPG fiber laser with a 70 µm spot size, 100 µm
beam focus diameter, and 1070 nm ± 10 nm wavelength. The maximum build volume achievable
with this model is 125 mm3 .

Figure 2: SLM 125HL LPBF machine from SLM Solutions Group AG

12

3.3 Sample Preparation
Subsequent to fabrication, samples were cut from the build plate using EDM wire cutting.
Density of the removed samples was measured using the Archimedes’ method in accordance with
ASTM B962-17. Heat treatment was not performed on these samples in order to maintain the asbuilt microstructure for accurate analysis of post-print properties. Sectioning of samples was
performed vertically and then horizontally using a Buehler Isomet low-speed diamond saw. A
depiction of the cross-sectioning method and the related plane orientation is shown below in figure
(3). The sectioned samples were then mounted in epoxy and mechanically polished to 0.5 µm
diamond paste with a colloidal silica finishing step. Once porosity measurement and surface
roughness imaging were completed using a Nikon Metaphot optical microscope, samples were
etched with the identical mixed acid reagent as was used for powder characterization. Etching took
place for 30 to 60 seconds until microstructure became visible.

Figure 3: Schematic showing orientation of sample sectioning relative to planes
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3.4 Microstructural Characterization and Analysis
Microstructures of the powder feedstock and the SLM manufactured samples, both prior
to and after etching, were documented using an optical microscope. Images of the SLMed samples
were collected from 5 different locations to view porosity. ImageJ analysis software was utilized
to measure the approximate area of porosity within the samples. Density can then be calculated
using equation (3). Image analysis procedures for density measurements are depicted below.

Density percent = (100 −

Area of Porosity
Total Area

) × 100

(3)

Figure 4: (a) Location in which optical images were taken from, (b) optical image of porosity
taken in top right corner of sample built with 6 mm support, and (c) processed image including
outline of porosities
14

Surface roughness of samples was additionally quantified with optical microscopy to
analyze any possible discrepancies between samples. While these discrepancies in roughness could
potentially be associated with unique surface behavior resulting from different heat conduction
flow rates, they can also lead to variations between density measured with Archimedes’ method
and density measured with image analysis. This is because Archimedes’ method density
measurements can be affected by any rough topography. Rough surfaces of each sample were
imaged with optical microscopy in the locations specified below, and the associated root-meansquare (RMS) surface roughness was quantified. The RMS was measured by placing horizontal
lines from one end point to another in each image, and then drawing vertical lines from the base
horizontal line to the sample edge, as shown. The number of vertical lines were kept constant with
each image, so as not to impact the RMS, shown in equation (4), which is inversely related to the
count, or number of lines.

15

Figure 5: Surface roughness measurement (a) locations and procedures for (b) a sample with a
larger area of interest and (c) a sample with a smaller area of interest, while keeping the number
of vertical lines consistent

RMS =

√Average Length
Count

(4)

After etching, melt pool dimensions were quantified with image analysis. With each laser
scan, a layer of powder is melted and fused together, forming a melt pool pattern. Each new layer
overlaps the previous one, and consequently, the uppermost layer of laser fused metal powder can
be observed and measured. Because in this case the laser scanned in a bidirectional “zigzag”
pattern, each melt pool sits halfway underneath the next. Therefore, the exposed melt pool half can
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be measured from the exposed edge to the estimated center and multiplied by a factor of 2 to
measure the assumed melt pool width. The melt pool depth is measured from the bottom of the
melt pool up to where the bead begins. Beading is a phenomenon that similarly occurs in welding,
where molten metal solidifies in an upward arch as opposed to a flat surface, owing to surface
tension within the material during solidification [20]. Images were consistently captured along the
top layer of each sample and melt pools were individually measured and averaged. The melt pool
measurement procedures described above are also schematically shown below in Figure 6.

Figure 6: Melt pool schematic and micrograph quantification example

Etched samples were later viewed under a FE-SEM in both back-scattered and secondary
electron mode to characterize the sub-grain cellular size within the melt pool structure at various
locations. These selected locations for imaging were strategically chosen to convey changes in
solidification at different segments of the samples. Theoretically, overhanging parts will
experience less efficient heat transfer to the build plate, as they are not in line with a thermal
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support, which conducts heat. By this same logic, top portions of a sample have accumulated layers
of materials beneath them which can potentially behave as thermal supports, dissipating heat from
the laser downwards into the build plate. For this reason, top and bottom portions of the XZ plane
were observed both in line with the support and at the sample edges for comparison, with the
expectation of unique solidification behavior. In the XY plane, sections chosen for imaging include
the cross-sectional center, which is located in line with thermal supports, and the overhanging
edge.

Figure 7: FE-SEM focused locations for cellular analysis

Using the linear intercept method, as per ASTM E112 − 113, 5 gridlines were randomly
spaced on each micrograph oriented perpendicular to the narrowest portion of the observed cells.
Intersections with the austenite matrix were marked in red and counted, as shown in Figure 7.
Using imageJ analysis to measure the length of the gridlines in µm and employing equation (5),
the average cell size for each sample was recorded in each of the 6 locations depicted in Figure 6.
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Of the 18 samples printed, average cell sizes of one batch of 6 samples built with distinct support
structure volume were quantitatively compared.

Figure 8: Cell size measurement process as per ASTM E112 − 113 in the XZ plane

Cell Size =

Total Length of Line
Total Number of Intercepts

(5)

3.5 Heat Transfer Quantification
Conduction rates can be quantified with respect to volume of material according to
equation (2), Fourier’s law of heat conduction. Assuming 1-dimensional heat flow and steady state
conditions, heat transfer variation was calculated and plotted for each of the 6 sample designs. This
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trend is seen in Figure 9, relaying an increase in conduction rate with added volume of support
material, as expected. Values allotted for these calculations are listed in Table 1.

Heat Conduction in IN718 Samples
Absolute Value Q (W)

140
120
100
80
60
40
20
0
0

1

2

3

4

5

6

7

Support diameter (mm)

Figure 9: Heat conduction rate variation with respect to dimensions of support

Table 1: Tabulated variables for heat conduction calculations
k: thermal conductivity of IN718

11.4 (W⁄m × K)

A: cross sectional area of supports
A = πr 2

7.85 × 10−7 −
2.83 × 10−5
(m2 )

dT: temperature gradient
dT = Tm − Tbuild plate

1160 (K)

dx: height of support

3 × 10−3 (m)
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CHAPTER 4: RESULTS

4.1 Powder Morphology and Microstructure
The IN718 gas atomized powders were characterized prior to LPBF for the purpose of
ensuring adequate quality of fabricated parts. Particle size analysis revealed that 90% of the
analyzed powders were sized at 46.76 µm or smaller, with a mean particle size of 32.25 µm. The
range of particle dimensions are specified in Table 2, and the powder size distribution can be
observed in Figure 10. This spread of powder particle sizes lies well within the widely accepted
printable range of 10 − 60 µm powder diameter for LPBF manufacturing [21].

Table 2: Particle size range for IN718 powder
Mean Particle Size
(µm)

D10
(µm)

D50
(µm)

D90
(µm)

32.35

14.60

29.87

46.76
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Figure 10: Particle size distribution of IN718 powders acquired from H. C. Starck GmbH in
Germany

Loose powders were irradiated with a Cu-kα source to identify the phases and preferential
crystallographic orientation, if any, initially present with XRD. Using HighScore software, the
peaks were indexed to the corresponding miller indices and revealed the anticipated γ matrix phase
with no apparent γ’ or γ” strengthening precipitates and no harmful δ precipitates. The XRD pattern
additionally revealed no preferred crystallographic orientation, as expected from the randomly
mixed powders. These findings indicated an acceptable microstructure to begin LPBF
manufacturing.
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Figure 11: Indexed XRD spectra of phases present in IN718 powders

Cross sections of mounted, mechanically polished, and etched powders were viewed with
an optical microscope as shown in Figure 12. Powders appeared to consist of a mix of spherical
and irregularly shaped particles. Under FE-SEM with a secondary source electron beam, satellite
formation on loose powder particles is visible. Powder cross sections show a fine cellular/dendritic
microstructure within individual powders.
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Figure 12: Optical and FE-SEM secondary electron images depicting powder morphology and
microstructure in both loose powders and powder cross sections

4.2 Effect of Support Geometry Variations
4.2.1 Quantification of Density
Initially, density measurements were extracted with Archimedes’ method, involving
submersion of samples in distilled water, and quantitatively calculating the porosity using the ratio
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of dry weight to submerged weight, along with the already known densities of water and IN718.
The calculated porosity can then be subtracted from a baseline of 100 to estimate the actual density.
Because air bubbles can attach themselves and become stuck to uneven topography thereby
affecting the measured weight, surface roughness tends to impact the Archimedes’ measured
density. The initially measured density of the cylinders was suspiciously low, given that optimum
parameters were used for printing. Figure 13 depicts a spread of density from 95.27 − 98.16%
with a maximum standard deviation of 0.66%.

Archimedes' Density
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Figure 13: Archimedes’ density measurements with standard deviation error bars

Subsequently, density was remeasured using image analysis to process optical micrographs
of porosity. Samples were imaged in both the longitudinal XZ plane and transversal XY plane.
Image analysis claimed a range of densities from 99.76 − 99.97%, significantly higher than
previously measured, likely due to high surface roughness of samples skewing the Archimedes’
density measurements.
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Figure 14: Image analysis results of density measurements for 18 samples with standard
deviation error bars

Optical micrographs were documented throughout 5 areas of the samples, as previously
described. Micrographs collected from the bottom right corner of the longitudinal XZ cross section
can be viewed in Figure 15 for samples of the 6 distinct support configurations. While some
samples generated with smaller support diameter did have several relatively larger pores, of about
50 um, the majority of pores were small and consistent with the samples printed with a larger
support size. Density throughout the sample remained very consistent for each variation in support
geometry.
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Figure 15: Optical micrographs taken in samples at the bottom right corner of the XZ cross
section with support diameter ranging from (a) 1 mm to (f) 6 mm

4.2.2 Surface Roughness Relationship to Support Dimensions

Upon cursory visual inspection, all 18 samples had similarly rough surfaces. However, a
close examination revealed that the bottom overhanging area appeared extremely rough on some
samples, and visibly less rough on others. Logically, this makes sense for overhanging parts due
to the lack of thermal and structural support giving way to high surface energy and configurational
instability. RMS roughness was measured for the overhanging area of 15 samples, simply because
the 3 samples built with the largest support size did not have any overhanging area to analyze. A
general trend of increasing surface roughness with decreasing volume of support was observed.
Additional RMS measurements were taken from the sides of 6 samples as well, but a correlation
between support geometry and surface roughness on side edges was not found. The resulting data
is displayed in Figure 16.
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Figure 16: RMS Roughness measurements of bottom overhanging surfaces (left) and side of
samples (right)

Another observed trend was the change in geometry for overhanging surfaces, resulting in
an angled surface rather than the intended flat lower surface of the cylindrical rods. In an attempt
to quantify this pattern and correlate it with the support parameter variation, the percieved angle
from the overhang was measured for 18 samples and recorded. An obvious relationship between
configuration of supports and loss of material was noted. The results were plotted with respect to
both the diameter of the supports and the heat conduction rate of the supports, as depicted in Figure
17.
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Figure 17: (a) Schematic of observed lower surface angle, associated plots of measured angle
with respect to support diameter (b), and conduction in supports (c), and micrographs (d-h)
outlining both changes in roughness and formation of an angled surface
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4.2.3 Melt Pool Measurements
After initial etching of samples, melt pool microstructure was observed with an optical
microscope and documented for various samples, pictured below in Figure 18. The observed melt
pool morphologies are often identified as a “fish-scale” pattern [9]. These images were analyzed
to measure both the depth and width of each melt pool on the final layer of the print. The samples
were found to have an average melt pool depth of 103.16 µm and an average melt pool width of
94.11 µm, based on the measurements listed in Table 3. For measured melt pool width, a general
relation with size of thermal support was not observed. As for measured melt pool depth, a slight
decreasing trend was observed inversely related to support diameter. When the depth to half width
ratio falls above 2.5, the melt pool is considered to have formed in keyhole mode [3]. This was
only observed in the printed parts on 1 millimeter diameter thermal supports, as shown below. A
general correlation between support size parameters and melt pool size was not observed. The
measured melt pool dimensions were consistent with measurements reported in other studies
involving SLM of IN718 [3,4,19]. Due the scan rotation angle utilized of 16%, a perceived change
in morphology of melt pools can be observed in each layer. This is attributed to a laser scanning
angle out of plane with the cross-sectional orientation. Due to the cylindrical geometry of the
printed parts, some samples were inadvertently cross sectioned out of plane with the final melt
pool layer. For this reason, not all sample melt pools were analyzed. An out of plane melt pool
will misleadingly appear wider than the actual melt pool width. This is because it was sliced at an
angle greater than 90° from the scanning direction. So as not to skew the averages with fictitious
melt pool widths, these inaccurately sliced samples were ignored for melt pool measurements.
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Figure 18: Observed melt pool “fish-scale pattern” in the XZ plane of etched cylinders

Table 3: Average melt pool size measurements and calculated ratios
Melt Pool
1 mm
Measurements support

2 mm
support

3 mm
support

4 mm
support

5 mm
support

6 mm
support

Width (µm)

94.99

113.45

93.31

90.99

92.02

83.03

Depth (µm)

126.32

128.99

85.91

98.55

107.81

75.96

Depth:Half
Width Ratio

2.66

2.27

1.84

2.17

2.34

1.83
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4.2.4 Cellular Size as Related to Support Geometry
Using a FE-SEM in SE mode, microstructure was viewed and analyzed both qualitatively
and quantitatively. SE micrographs were collected in 6 locations for each of 6 samples, and
subsequently the cell size was measured using the linear intercept method and resultant data was
plotted. For 5 of the 6 locations observed, the anticipated trend was not discovered between support
structure heat transfer and cellular dimensions. In fact, in the bottom side section of the
longitudinal XZ plane, the opposite trend was observed, where cell sizes counterintuitively
increased in concert with support size. This goes against the theory that less efficient or slower
heat transfer should inherently increase size of sub-grain cells. However, in the XY plane, the
micrographs from the outer perimeter of the cylinders did show the intuitive trend of increasing
cell size with decreasing support size. Potential reasoning for these findings will be discussed in
the following discussion section. Graphs revealing cell dimensions may be viewed below in Figure
19 and observed decreasing cellular size will be shown in Figure 20. The datasets for these plots
are additionally listed in Table 3.
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Figure 19: Measured cellular dimensions in (a-d) XZ plane and (e, f) XY plane
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8

Figure 20: Decreasing cell size in the XY plane as support size increases from 1 − 6 mm,
respectively

Table 4: Measured dimensions of cells in corresponding locations as related to support geometry
Cell Size
(µm)

1 mm
support

2 mm
support

3 mm
support

4 mm
support

5 mm
support

6 mm
support

0.4969

0.3821

0.6711

0.4218

0.5878

0.7768

0.6631

0.5206

0.4706

0.6474

0.4476

0.7167

0.5957

0.5757

0.6132

0.5045

0.7334

0.6003

0.3827

0.4195

0.5436

0.4602

0.6841

0.7026

0.6857

0.5156

0.7277

0.5741

0.4895

0.5903

XY Side

0.9177

0.8094

0.6882

0.5994

0.5507

0.5650

Average

0.6236

0.53715

0.6191

0.5346

0.5822

0.6586

XZ Top
Middle
XZ Top
Side
XZ
Bottom
Middle
XZ
Bottom
Side
XY
Middle
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CHAPTER 5: DISCUSSION
5.1: Observed Variations Related to Heat Transfer
While the density and melt pool sizes of printed samples remained relatively constant in
the range of 99.76-99.97%, other variations in samples were noted, such as modified surface
roughness, angular variation at the overhang, and increased porosity toward the bottom
overhanging surface. All of these disparities occurred in correlation with altering the thermal
support volume and associated heat transfer to build plate. A clear relation can be established
between lower heat conduction and corresponding imperfections in the as-built parts, including
formation of angled surfaces, porosity near overhang, and rough surface topography of samples
with smaller dimensions of thermal supports. Slower heat conduction from the printed parts to the
build plate in-situ led to less efficient heat transfer causing a buildup of temperature at the surface.
Moreover, this buildup may very well be the cause of solid state fusion, or sintering, of nearby
powder particles to the sample edge, leading to an increase in surface roughness, as shown below
in Figure 21 (a). This phenomenon was also noted by Torres et al. [22]. In Figure 21 (b), magnified
porosity near the edge of a sample can be visibly identified.
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Figure 21: (a) Porosity and unfused powders near bottom surface of sample printed with 1 mm
support diameter, and (b) a coalescence of small and larger pores ranging from approximately
5 − 25 µm near edge of sample printed with 5 mm support diameter
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Something to consider regarding the observed angular variation observed in some
samples is whether this angled surface was formed as a result of additional powders being
sintered onto the surface during printing or as a result of incomplete powder fusion due to a lack
of thermal support, or heat transfer to the build plate, inhibiting the complete melting and fusing
together of powder. As shown in the photos below, samples printed with smaller thermal
supports (e.g. 1 to 3 millimeter diameter) appeared shorter when compare to samples of larger
support size (e.g. 4 and 5 millimeter diameter). This could be indicative of a lack of powder
fusion in the outer perimeters of the bottom portion of these samples. On the other hand,
sintering of nearby powders was clearly observed on the outer surface of samples, and it could be
plausible that enough powder was fused onto the side of the samples to create a slanted surface,
noted as angular variation.
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Figure 22: Printed samples on build plate (a), after EDM wire removal from build plate (b), and
after sectioning, mounting, mechanical polishing and etching (c)

Based on calculations made using the dry weight of each sample, an estimated sample
weight without the support attached can be determined. The sample built with a 6 millimeter
support, equivalent to the diameter of the part, was weighed during Archimedes’ density
measurements. When the actual height of the designed part, 10 millimeters, is taken into account
with the 3 millimeter height of the support, the entire cylindrical part makes up 10/13 of the printed
part and support. Using this logic, a simple calculation should reveal the estimated weight of the
part without a support. It was determined that the sample built with 1 millimeter support measured
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a weight much lower (~0.3 grams) than the predicted cylinder weight should be. This contributes
to the theory that a portion of powder material was not adequately melted and the parts with smaller
thermal supports were not fully constructed as designed. A schematic representing the two
proposed scenarios can be found below.

Figure 23: Schematic depiction possible mechanisms for angular surface formation of
overhanging parts via: sintering of additional powders (a) or incomplete fusion of surrounding
powders due to poor thermal conduction to build plate (b)

5.2: Cellular Size Variations
Seemingly randomized fluctuations in microstructural cell size were observed
systematically in 4 out of the 6 locations documented. These findings suggest a statistically
significant correlation did not exist between the solidification rate of cells and the heat conduction
to the build plate, contrary to theoretical implications. However, knowing that other properties
studied did divulge an apparent trend implying a relationship to support configuration, an argument
could be made that a material with a lower conductivity may give rise to different results.
Another argument could be made that the location in which the anticipated trend was
successfully observed is also the area in which should give the most accurate results for this study.
39

Notably, cell size measurements are commonly taken from the XY plane [2,9,23], perpendicular
to the build direction. In this plane, cells are expected to be mostly spherical due to the anisotropy
of the layer-by-layer additive process forming vertical columnar grains and sub-grain cellular
dendrites. Ideally, an XY cross section should slice these dendritic cells at a 90° angle.
Additionally, the SEM micrographs related to these results were taken from the outer perimeter of
the samples, which is positioned out of line with thermal supports. Micrographs taken in the center
of the XY plane are looking over portions of the sample with direct heat transfer to the support
and thereafter to the build plate. When sections are out of line with these supports, or overhanging,
heat can no longer be dissipated linearly downwards into the build plate. For this reason,
overhanging regions of the printed cylinders should theoretically experience poorer heat transfer
leading to coarser microstructural characteristics.
While this argument may logically explain why the anticipated results were only seen in 1
out of the 6 locations studied, it does not explain why the opposite correlation was observed in the
bottom corner of the XZ plane, as shown below in Figure 22. Arguably, this location may even be
the second most accurate area in terms of cell size analysis for this experimental design. This is
because the perimeter of the bottommost layers of the build are not only overhanging, but they
also do not have layers of material built up below them to aid in thermal dissipation and prevent
heat buildup.
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Figure 24: Characteristic cell size at the bottom right corner of samples in XZ plane

While an argument can be made in both directions, there is more data to support a lack of
correlation between cell size and support configuration in this instance. It stands to reason that
utilizing a higher energy density or a lower conductivity material could give rise to a coarser
microstructure inversely related to increasing the volume of supports—to an upper limit of the part
size. More research would need to be carried out regarding this interesting concept in order to
conclusively say whether or not thermal support volume plays a roll in microstructural
development. Another factor to be considered is the shape of the support. In this case, solid
supports were utilized for the sake of simplifying calculations. Typically, lattice structure supports
are printed with in order to save material and also to ease the removal of parts from the build plate.
Logistically, this could make heat transfer calculations exponentially more complex, but for
accuracy, this would be the ideal experimental design. Simulations and computer modelling could
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also be extremely useful for predicting microstructural development with varying materials and
support designs.
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CHAPTER 6: CONCLUSIONS
Cylindrical specimens were manufactured using a SLM 125 HL with optimum print
parameters of 200 W laser power, 900 mm/s scan speed, 30 µm slice thickness, 120 µm hatch
spacing, and 16° scan rotation angle. The samples were built on a cylindrical rod thermal support
attached to the build plate with constant height and varying diameter ranging from 1 − 6 mm, with
6 mm being equivalent to the diameter of the cylinders. This variation in volume of thermal support
material was hypothesized to modify the heat conduction rate of energy dissipation from the
samples to the build plate, thereby affecting the microstructural evolution during the LPBF
process.
Printed samples were found to display a trend of increasing surface roughness with
decreasing thermal support volume. Additionally, as support size dimensionally decreased, the
initially flat design of the bottom surface of the cylinder was found to become increasingly angled,
at the overhanging section. This could either be due to solid state sintering of nearby powders
during LPBF, or potentially due to a heat transfer issue causing powders to not fully fuse together.
The latter proposed theory is suspected based on the observed weights of as-printed samples.
Density measurements were performed via both Archimedes’ method and image analysis.
Archimedes’ method was found to have skewed results most likely due to rough surface
topography and support diameter impacting the measured submersion weight. Image analysis
divulged consistent density in the range of 99.76 − 99.97% among samples, implying lack of
relation of density to support size. However, optical microscopy and FE-SEM did display an
increase in porosity near overhanging segments of samples with smaller dimension supports. This
could stipulate slower rates of heat conduction in these areas causing porosity to form. Areas of
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samples with poor conduction to the build plate could potentially experience a localized increase
in energy density resulting in porosity formation.
After etching with a mixed acid reagent, melt pool sizes were quantified with image
analysis and found to be relatively uniform among samples, with an average melt pool width of
94.11 µm and an average depth of 103.16 µm. Subsequently, cylinder microstructures were viewed
with a FE-SEM and a cellular solidification pattern within melt pools was observed. Cell sizes
were measured in various locations throughout samples for comprehensive comparison of thermal
support effects. A general trend was not observed for changes in cellular size as related to support
volume. With that being said, an interesting observation was made showing the anticipated
increase of cell size with decrease of support volume in micrographs taken from the outside
perimeter of samples in the XY plane, perpendicular to build direction. This could be explained as
this section is overhanging and should intuitively experience poor conduction of heat to the build
plate. It is still unclear whether this trend is statistically significant, and more research would need
to be conducted to say a trend was documented with any certainty.
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CHAPTER 7: FUTURE WORK
To build upon this work, more research should be carried out regarding heat transfer during
the SLM process. This work exclusively focused on IN718, a superalloy with high strength and
generally low conductivity of 11.4 W⁄m × K. Future works may repeat this study with a more
extensive variation in thermal support geometry, such as incorporating traditional lattice support
structures, or may even branch out to lower conductivity materials, such as Ti-6-4, and compare
behavior to higher conductivity materials, like Cu-10Sn.
Simulation modelling may find itself useful in predicting microstructural changes for
distinct support structures or differing materials in similar future studies. It may also be relevant
to dive into the variables of the equation for volumetric energy density and how adding a
dimensional component may increase localized accuracy for samples with complex geometry,
such as overhanging parts.
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